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Abstract
We recently found that the Rb protein is important for the regulation of retinal progenitor cell proliferation and rod photore-
ceptor development in the mouse retina. These two functions are separate for Rb and in this study we further characterize the role of
Rb in retinal development. At postnatal day 12 in the retinae of Chx10-Cre;RbLox/ mice, immature cells are found in the outer
nuclear layer where rods normally are diﬀerentiating. This results in alternating patches of the outer nuclear layer (ONL) that
are lacking rod inputs. At this stage of development, horizontal cell processes at the outer plexiform layer do not mature appropri-
ately and they extend into the outer nuclear layer. These disruptions in horizontal cell diﬀerentiation can persist for several weeks
into the adult stage. While there are several secondary eﬀects of the loss of Rb on retinal development including, limited cell death in
the ONL, Mu¨ller glial cell activation, persistence of immature cells in the ONL, and altered nuclear morphology of cells in the ONL,
we suggest that the defect in horizontal cell synapse formation at the OPL results from fewer rod inputs. Mice with other develop-
mental defects in photoreceptor cell fate speciﬁcation or glial cell activation do not exhibit a similar alteration in horizontal cell dif-
ferentiation. Therefore, the retinae from Chx10-Cre;RbLox/ mice represent a unique model to study the role of rod photoreceptor
inputs in horizontal cell diﬀerentiation and synapse formation.
 2004 Elsevier Ltd. All rights reserved.
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The seven major classes of cell types in the mamma-
lian retina are generated from multipotent retinal pro-
genitor cells in an evolutionarily conserved birthorder
(Livesey & Cepko, 2001). Coordination of cell cycle exit
with changes in retinal progenitor cell competence is
important for producing the correct proportion of each
retinal cell type (Dyer, 2003; Dyer & Cepko, 2001b).
However, when studying this process, it can be challeng-
ing to distinguish between developmental eﬀects that re-
sult from changes in proliferation and those that result
from changes in cell fate speciﬁcation or diﬀerentiation.
This is because genetic alterations that perturb prolifer-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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discussed in (Dyer, 2003; Dyer & Cepko, 2001b). Only
by carefully analyzing proliferation, apoptosis, cell fate
speciﬁcation and diﬀerentiation in individual retinal
progenitor cells can we begin to distinguish the eﬀects
on proliferation from those on cell fate speciﬁcation or
other developmental processes.
We recently discovered that the retinoblastoma pro-
tein (Rb1) is required for progenitor proliferation and
rod development (Zhang et al., 2004). Expression analy-
sis in postnatal mouse retina showed that Rb is present
in two cell populations, where it has distinct functions in
the regulation of retinal progenitor cell proliferation and
in the development of rod photoreceptors. When Rb is
missing, retinal progenitor cells fail to exit the cell cycle,
leading to a 1.7-fold increase in the number of cells. In
addition, clonal inactivation of Rb using replication-
incompetent retroviruses led to an increase in the size
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progenitor cell proliferation is cell autonomous. Inter-
estingly, when Rb was conditionally inactivated using
Cre-expressing retroviruses or a Chx10-Cre transgenic
mouse line, rods were the only cell type that failed to de-
velop and there was no change in the number of other
cell types. Therefore, the changes in retinal proliferation
do not account for the rod defect, and also demonstrates
discrete functions of Rb in proliferation and diﬀerentia-
tion in the developing mouse retina.
In contrast to the abundance of mutants that exhibit
photoreceptor degeneration (Fauser, Luberichs, &
Schuttauf, 2002), there are very few mutants that have
defects in early rod development. Consistent with our
immunolabeling data, microarray experiments revealed
that genes expressed in rods were signiﬁcantly downreg-
ulated in Rb1/ retinal explants. Two of these genes,
Nrl and Nr2e3, have been shown to be essential compo-
nents of the early rod development pathway (Mears
et al., 2001). Signiﬁcant decreases in Nrl and Nr2e3
expression in Rb-deﬁcient retina were conﬁrmed using
Real-Time RT-PCR. Despite the lack of rod photore-
ceptor development in Rb, Nrl, and Nr2e3 knockout
mice, the retinal phenotype between these three mutants
is diﬀerent. In Nrl and Nr2e3 knockout mice there is an
increase in the proportion of S-cones (Haider, Naggert,
& Nishina, 2001; Mears et al., 2001), whereas in Rb-deﬁ-
cient retina, all of the other retinal cell types, including
S-cones, are generated in the correct proportion (Zhang
et al., 2004). These data suggest that Rb acts early in the
rod developmental program. Moreover, the Rb knock-
out retina represents a unique system to explore synapse
formation at the outer plexiform layer with reduced
photoreceptor production during development. This is
diﬀerent from Nrl and Nr2e3 knockout mice because
these retinae still generate the correct proportion of
photoreceptors (S-cones). It is also distinct from degen-
eration models because in those cases, the rods are gen-
erated during development but they die later.
Rb binds 110 diﬀerent proteins, including 75 tran-
scription factors (Morris & Dyson, 2001). Rb can regu-
late gene expression through chromatin reorganization
or transcription factor modulation (Harbour & Dean,
2000; Morris & Dyson, 2001). Changes in chromatin
structure, by posttranslational modiﬁcations of histones
and of chromatin-remodeling enzymes, are important
for appropriate gene regulation. How does Rb regulate
gene expression for rod development? One intriguing
possibility comes from the heterochromatin pattern ob-
served in the nuclei of normal rods and rhodopsin-
immunopositive nuclei in Chx10-Cre RbLox/ retina. In
the absence of Rb, rods fail to form and do not exhibit
the characteristic chromatin condensation seen in pho-
toreceptors. This suggests that normal rod development
may require chromatin reorganization mediated by Rb.
Another possibility is that Rb may regulate photorecep-tor-speciﬁc gene expression through interactions with
other transcription factors at speciﬁc promoters.
In this paper,we further characterize the retinal pheno-
type in Rb-deﬁcient mice, focusing on synapse organiza-
tion at the outer plexiform layer in the presence of fewer
rod inputs during development. In addition, we charac-
terized the nuclear morphology of Rb-deﬁcient cells in
the outer nuclear layer (ONL) that correlates with an
aborted rod development program. These studies lay
the groundwork for future studies focused on identify-
ing the direct targets of Rb gene regulation in rod pho-
toreceptor development and elucidating the mechanism
of the role of Rb in this important process.2. Materials and methods
2.1. Animal procedures
All procedures for animal use were reviewed and ap-
proved by the Institutional Animal Care and Use Com-
mittee at St. Jude Childrens Research Hospital. Mouse
strains used in this study have been reported elsewhere
(Zhang et al., 2004). Brieﬂy, Rb1+/ mice (The Jackson
Laboratory) were crossed with Chx10-Cre mice (C.
Cepko), which were then crossed to Rb1Lox/Lox mice
(National Cancer Institute) to conditionally inactive
Rb in retinal progenitor cells. A Rosa26R mouse line
(Soriano, 1999) was used to assess Cre-mediated activity
in Chx10-Cre mice. Nr2e3rd7 knockout mice were pur-
chased from The Jackson Laboratory.
2.2. Immunostaining and image analysis
Retinas from juvenile and adult mice were dissected
and prepared for immunolabeling of various retinal
markers as previously described (Zhang et al., 2004).
Apoptotic nuclei were detected using TUNEL labeling
(Promega). Serial confocal images were collected on a
Leica TCS NT SP Confocal microscope. Confocal soft-
ware was used to generate representative 3D nuclear
reconstructions of photoreceptors in the INL and
ONL of Chx10-Cre RbLox/+ and Chx10-Cre RbLox/
retina.
2.3. Real-Time RT-PCR
Total RNA was isolated from freshly dissected retina
using Trizol (Invitrogen) and converted to cDNA (Invi-
trogen). Gene expression was analyzed using Real-Time
probe/primer sets that were designed for a subset of
genes (Rbp4, retinal binding protein 4, plasma,
NM_011255; Nrl, neural retina leucine zipper gene,
NM_008736; Nr2e3, nuclear receptor subfamily 2,
groupE, member 3, NM_013708; Prph2, retinal degener-
ation, slow, NM_008938; and Rpr1, phosducin/rod pho-
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vious microarray analysis (Zhang et al., 2004). Quantita-
tive measurements of mRNA for these probes/primers
were performed using Real-Time RT-PCR (ABI
7900HT).3. Results
3.1. Mosaic inactivation of Rb in the developing mouse
retina
Rb-deﬁcient embryos die in utero at E13.5, prevent-
ing in vivo analysis of retinal development (Clarke
et al., 1992; Jacks et al., 1992; Lee et al., 1992). To study
later developmental events in the absence of Rb, we
crossed a Chx10-Cre transgenic mouse line to RbLox/
mice resulting in conditional Rb inactivation in retinal
progenitor cells (Marino, Vooijs, van Der Gulden,
Jonkers, & Berns, 2000; Rowan & Cepko, 2004; Zhang
et al., 2004). We found that rod photoreceptors failed to
mature and retinal progenitor cell proliferation was
slightly altered in these mice (Zhang et al., 2004). How-
ever, a detailed analysis of the long-term consequences
of loss of Rb was not studied nor was synaptogenesis
in the absence of rods at the outer plexiform layer.
As a ﬁrst step toward analyzing these important
developmental events in the absence of Rb in retinal
progenitor cells, we carried out a detailed characteriza-
tion of the pattern of Rb inactivation in the developing
retina. The bacterial artiﬁcial chromosome (BAC) that
was used to express Cre in retinal progenitor cells con-
tains the Cre-recombinase gene downstream of the
Chx10 promoter (Fig. 1A). Chx10 is expressed in prolif-
erating retinal progenitor cells throughout development
and in a subset of postmitotic bipolar cells (Burmeister
et al., 1996). The Cre gene is fused to GFP for visualiz-
ing the cells that express the recombinase and are likely
to have undergone Rb inactivation. In addition, there is
a human placental alkaline phosphatase gene down-
stream of an internal ribosome entry site (IRES), which
serves as an additional marker of cells expressing the
Cre transgene. Neither GFP expression nor alkaline
phosphatase expression demonstrate where Cre-medi-
ated recombination occurred over the course of develop-
ment. To test this directly, we crossed the Chx10-Cre
allele with the Rosa26R Cre reporter mouse line on a
similar mixed genetic background as our RbLox/ mice
(Soriano, 1999). In the Chx10-Cre transgenic mouse line
that was crossed to our RbLox/ mice, we found that Cre
activity was not uniform across the retina on this mixed
genetic background. In particular, Cre recombination
occurred in a mosaic pattern in columns of cells span-
ning all three retinal layers including early born and late
born cells (Fig. 1B). As expected, Cre was also expressed
in a subset of postmitotic bipolar cells (Fig. 1C). Impor-tantly, the location of postmitotic bipolar cells that ex-
press Cre in the adult retina marks the location of
apical-basal columns of cells that underwent Cre-medi-
ated recombination during development (Fig. 1D). In
the Chx10-Cre;RbLox/ mice, the expression of GFP in
mature bipolar cells marks the apical stripes of cells
in the outer nuclear layer (ONL) that fail to diﬀerentiate
as rods (Fig. 1E) and express rod markers (Fig. 1F). In-
stead, these stripes of cells in the ONL expressed progen-
itor cell markers, such as Pax6 (Fig. 1G–M).
3.2. Rb-deﬁcient nuclei in the ONL fail to undergo
chromatin condensation
In our earlier studies, we noticed that the nuclei in the
ONL cells that did not express rhodopsin or other rod
markers were larger and did not exhibit the characteris-
tic chromatin pattern of rods or cones (Zhang et al.,
2004). Cone photoreceptors and rod photoreceptors
have distinct heterochromatin patterns in the adult
mouse retina (Carter-Dawson & LaVail, 1979), and
the Rb-deﬁcient nuclei in the ONL did not resemble
either of these cell types. To determine the magnitude
of the increase in nuclear volume of ONL cells in the ab-
sence of Rb, we obtained confocal optical sections of
individual nuclei, performed a 3D reconstruction and
calculated the nuclear volume (Fig. 2A–C). To ensure
that we were measuring an Rb-deﬁcient cell, we identi-
ﬁed a Pax6 immunopositive cell in the ONL and used
this as a marker for Rb-deﬁcient ONL cells at P12. Simi-
larly, rhodopsin was used to identify the normal rod nu-
cleus in the ONL and syntaxin was used to identify the
amacrine cell nucleus in the INL. A total of six cells were
analyzed for each group and a representative series for
each is shown in Fig. 2. Results from these studies re-
vealed that the volume of the ONL Rb-deﬁcient nuclei
(131 ± 26lm3) was intermediate between that of a nor-
mal rod (45 ± 7lm3) and an INL amacrine cell
(219 ± 55lm3).
3.3. ONL cell death and disrupted OPL lamination in the
absence of Rb
In our previous experiments on the role of Rb in rod
photoreceptor development (Zhang et al., 2004) we re-
ported that while rods failed to form there was no in-
crease in other cell types. Progenitor cell markers were
increased and this led us to propose that in the absence
of Rb, cells that would normally become rods remained
as quiescent immature cells that resembled retinal pro-
genitor cells. These studies were carried out on retinae
from young animals (12–14 days old), and we did not di-
rectly address whether rods would eventually develop at
later stages of development or degenerate. To test this
directly we examined the laminar organization of retinae
from 8-week-old Chx10-Cre;RbLox/ and Chx10-Cre;
Fig. 1. Unique pattern of Rb inactivation using Chx10-Cre transgenic mice. (A) Targeting construct used to create Chx10-Cre transgenic mice
(Rowan and Cepko, 2004). (B) b-galactosidase staining pattern in Chx10-Cre;Rosa26R retina revealed Cre activity in columns of cells across the
retina at P0. (C) PKCa immunostaining (red) demonstrated that Chx10-Cre (GFP, green) was expressed in a subset of mature bipolar cells as noted
previously (Burmeister et al., 1996). (D) In the adult Chx10-Cre;Rosa26R retina, LacZ staining shows where Cre was expressed, whereas alkaline
phosphatase (AP) staining reveals cells that are expressing the transgene at the time of dissection (3-weeks-old). Consistent with the pattern of Cre
activity at P0, its apical basal expression pattern in the adult retina marks where recombination occurred during development. (E) Columns of cells
that underwent Cre-mediated recombination, as shown by GFP positive nuclei in the INL, were not labeled with rhodopsin in the ONL of Chx10-
Cre;RbLox/ retina (denoted by dashed lines). In contrast, adjacent columns of cells (GFP negative) were immunopositive for rhodopsin (red). (F)
Real-time RT PCR analysis showed several genes expressed in rod photoreceptors were decreased in both the Rb/ retinal explants and the Chx10-
Cre;RbLox/ adult retinae (4-week-old). All data are normalized to their wild type or control littermates. p107 was increased in a compensatory
manner in both Chx10-Cre;RbLox/ and Rb/ mice. (G-M) Patches of Pax6 positive nuclei (red) were observed in the ONL of Chx10-Cre;RbLox/
retina at P12. Nuclei were counterstained with DAPI (blue) (C, E) or Sytox green (H, J, K, M). IRES, internal ribosome entry site; ONL, outer
nuclear layer; INL, inner nuclear layer; OPL, outer plexiform layer. Scale bars: B, D, H, J: 25lm, C, E, M: 10lm.
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that the photoreceptor layer (ONL) was thinner in the
absence of Rb. As shown previously (Zhang et al.,2004), the loss of one copy of Rb in the developing ret-
ina had no eﬀect on retinal development. A TUNEL
assay performed at earlier stages revealed that the hypo-
Fig. 2. Increased nuclear volume of ONL cells in Chx10-Cre;RbLox/ juvenile retina. (A) Serial confocal images of representative syntaxin labeled
amacrine cell nucleus in the INL and (B) rhodopsin labeled cell nucleus in the ONL of Chx10-Cre;RbLox/+ retina at P12. (C) Pax6 positive nucleus in
the ONL of Chx10-Cre;RbLox/ retina at P12 represents an Rb-deﬁcient cell. The nuclear volume is 38% larger in the ONL of Chx10-Cre;RbLox/
retina compared to a typical rod nucleus in the ONL of control retina. Nuclei were counterstained with Sytox green. ONL, outer nuclear layer; INL,
inner nuclear layer.
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The other cellular layers were slightly disorganized but
there was no apparent thinning in the other nuclear
layers. To examine the distribution of cell types in these
8-week-old Chx10-Cre;RbLox/ and Chx10-Cre;RbLox/+
mice, we performed immunostaining with several cell
type speciﬁc antibodies (Zhang et al., 2004). Many of
the cell types and structures in these retinae were similar
except for the horizontal cell processes at the outer plex-
iform layer (OPL) (compare Fig. 3C–H). In the regions
where Rb was absent, the horizontal cell processes ex-
tended into the ONL. To determine if bipolar processes
also extended apically into the ONL we performed
immunostaining with an antibody to PKC-a (Fig. 3I–
L). While these processes are clearly not normal due
to the general disruption at the OPL, they do not extend
deep into the ONL like the horizontal cell processes. To
further explore synapse formation at the OPL, we per-
formed immunostaining with antibodies to PSD-95, cal-
retinin and cone arrestin (Fig. 3M–T and data not
shown). These data indicate that there is a mild disor-
ganization of the OPL due to the loss of rod photorecep-
tor pedicles but bipolar or cone processes are not grossly
misdirected as is the case for horizontal cells. There was
punctate PSD-95 immunostaining in the ONL suggest-
ing that the misdirected horizontal cell processes form
synapses. However, more detailed immunostaining, elec-
tron microscopy, and ERG studies are required to dem-
onstrate functional ribbon synapse formation deep in
the ONL.3.4. Horizontal cell processes are disrupted during
development
To test whether the defects in horizontal cell process
synapse formation at the OPL occurred earlier during
development, we examined P12 retinae from mice that
were RbLox/ and Chx10-Cre;RbLox/. As in the 8-
week-old animals, the calbindin immunopositive hori-
zontal cell processes extended into the developing
ONL (compare Fig. 4A–F). At this stage there is little
cell death and many of the immature cells that would
normally become rods are still present so it is unlikely
that this is a secondary consequence of the cell death
in the ONL. Moreover, in other retinae with ectopic
apoptosis during the postnatal period of retinal develop-
ment (P6–P14) such as the p27Kip1 knockout retinae
(Dyer & Cepko, 2001a; Levine, Close, Fero, Ostrovsky,
& Reh, 2000) or the p19;p27 double knockout retinae
(Cunningham et al., 2002; Donovan and Dyer, unpub-
lished) there is no defect in horizontal cell process for-
mation at the OPL.
It is possible that the Chx10-Cre;RbLox/ retinae rep-
resent a unique example in which the correct proportion
of rod photoreceptors do not form during retinal devel-
opment and this in turn leads to disruptions in the for-
mation of horizontal cell processes. To test whether
this is speciﬁc to rods or if altered ratios of rods and
cones would have the same eﬀect we analyzed the cell
type distribution and synapse formation of the Nr2e3-
deﬁcient retinae by immunostaining with antibodies that
Fig. 3. Loss of Rb alters cellular and synaptic lamination patterns in the adult retina. Sytox green nuclear counterstain showed that the ONL,
containing photoreceptor nuclei, is thinner in Chx10-Cre;RbLox/ retina (A) at 8 weeks compared to control (B). (C)–(H) Calbindin immunostaining
labeled a subset of amacrine and horizontal cell bodies in the INL, as well as their respective synaptic processes in the IPL and OPL, respectively. In
Chx10-Cre;RbLox/ retina, calbindin immunopositive horizontal cell processes extended into the ONL (arrow, E). (I)–(L) In contrast to the
horizontal cell processes, rod bipolar processes labeled with PKC-a do not extend deep into the ONL. (M)–(P) Cone pedicles were labeled with a cone
arrestin antibody in the OPL of Chx10-Cre;RbLox/ retina and Chx10-Cre;RbLox/+ retina at 8 weeks. (Q-T) PSD-95 immunoreactivity extends
apically into the ONL of Chx10-Cre;RbLox/ retina at 8 weeks. Nuclei were counterstained with Sytox green. ONL, outer nuclear layer; INL, inner
nuclear layer; OPL, outer plexiform layer; GCL, ganglion cell layer. Scale bars: A–T: 10 lm.
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ously that the retinae from these animals have an over-production of S-cones (Akhmedov et al., 2000; Haider
et al., 2001). Immunostaining with an antibody to cal-
Fig. 4. Abnormal horizontal cell processes in developing Chx10-Cre;RbLox/ retina. (A, B) Horizontal cell processes immunolabeled with an anti-
calbindin antibody were conﬁned to the OPL and developed normally in RbLox/ retina at P12. (C)–(F) In the absence of Rb, horizontal cells
extended aberrantly into the ONL (arrows). (G)–(J) Calbindin and PSD-95 immunostaining showed that synaptic boundaries were preserved in the
OPL of adult Nr2e3 knockout mice which have an increase in S-cones at the expense of rods. (K) Activated Mu¨ller glia were present as indicated by
GFAP-labeled patches in adult Chx10-Cre;RbLox/ retina (arrow). (L) GFAP immunostaining in adult Nr2e3 knockout retina was localized to
astrocytes as expected (arrow). Nuclei were counterstained with Sytox green. ONL, outer nuclear layer; INL, inner nuclear layer; OPL, outer
plexiform layer; IPL, inner plexiform layer; GCL, ganglion cell layer; PSD, postsynaptic density; HC, horizontal cell; Am, amacrine cell; Mu, Mu¨ller
cell; As, astrocyte. Scale bars: B, D, H, J, K, L: 25 lm, E: 10 lm.
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ers such as PSD-95 (Fig. 4I and J) revealed that the
outer plexiform layer formed normally in the presence
of more S-cones during development. Thus, these data
suggest that rod photoreceptors per se are not required
for appropriate horizontal cell synapse formation
because cones can take their place. We also considered
the possibility that Mu¨ller glial cell activation during
development in the Chx10-Cre;RbLox/ retinae could
inﬂuence horizontal cell synapse formation. In previous
studies on the p27Kip1 retinae, Mu¨ller glial cell activation
was accompanied by displacement of horizontal cells to
the ONL and concomitant disruption in their processes
(Dyer & Cepko, 2000). We found that in older animals
(8–16 weeks) there was signiﬁcant GFAP induction in
Mu¨ller glia indicating that they have undergone reactive
gliosis (Fig. 4K). However, at P12, when horizontal cell
processes are ﬁrst disrupted there was limited Mu¨ller gli-
osis. Littermate controls and Nr2e3 knockout retinae
(16-weeks-old) had no detectable Mu¨ller cell gliosis
(Fig. 4L and data not shown).4. Discussion
In the absence of Rb, a subset of retinal cells fail to
condense their chromatin and diﬀerentiate as rod pho-
toreceptors. As a result, during a critical period of retinal
development when synapses are forming at the OPL,
there is a lack of rod synaptic inputs in Chx10;RbLox/
retinae. Importantly, these defects in rod development
occur in a mosaic pattern with alternating patches of
Rb-deﬁcient and normal retinae. This is diﬀerent from
two other recent publications on mice lacking Rb in the
developing retina because those animals do not exhibit
mosaic Cre expression (Chen et al., 2004; MacPherson
et al., 2004). The most striking early eﬀect of the absence
of normal rod pedicles during retinal development was
the extension of horizontal cell processes apically into
the ONL. Later, the non-diﬀerentiated rods undergo
apoptotic cell death, the ONL thins, and Mu¨ller glia
become activated. In other animal models in which rod
development is perturbed (i.e. Nrl or Nr2e3 knockout
mice) or Mu¨ller glia become activated (p27/ knockout
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propose that the unique horizontal cell defect seen in
Chx10;RbLox/ retinae reﬂects the early role of Rb in
rod development. Our model as well as several alteran-
tive hypotheses are presented below and in Fig. 5.
4.1. Requirement of photoreceptor pedicles for appropri-
ate horizontal cell synapse formation
We have shown previously that Rb is required for the
early events that lead to rod photoreceptor development
in the mouse retina and that the role of Rb in rod devel-
opment is separate from its role in regulating retinal
progenitor cell proliferation (Zhang et al., 2004). Several
other genes that have been previously found to regulate
rod development such as Nrl (Mears et al., 2001) and
Nr2e3 (Haider et al., 2000) are downregulated in the
Rb/ retinae suggesting that Rb may act upstream of
these transcription factors. In the absence of either Nrl
or Nr2e3, rods are replaced by cones but in the absence
of Rb the missing rods are not replaced by any diﬀeren-
tiated cell type. Not only does this lend support to the
idea that Rb acts earlier than Nrl or Nr2e3 in rod devel-
opment, but also the Rb-deﬁcient retinae (Chx10-Cre;
RbLox/) oﬀer a unique system to study synapse forma-
tion at the OPL in absence of the normal number of
photoreceptor inputs.
We are proposing that in the absence of photorecep-
tor pedicles or synaptic inputs at the OPL, horizontal
cells lack critical guidance cues and extend processes
apically into the ONL (Fig. 5A). The other cell types
that form synapses at the OPL (cone photoreceptors
and bipolar cells) do not appear to be strictly dependent
on rod pedicles for guiding the laminar organization of
their processes. Their processes are not as well formed as
in control littermate retinae with at least one copy of the
Rb gene but they do not extend into the OPL as with the
horizontal cells. Our data are diﬀerent from other stud-
ies on OPL synaptogenesis in which both horizontal and
bipolar cell processes extended into the ONL (Dick
et al., 2003). Interestingly, in the absence of Bassoon,
horizontal and bipolar cells form ectopic ribbon synap-
ses based on mGluR6 immunolocalization and electron
microscopy studies. We do not yet have conclusive evi-
dence for ribbon synapse formation between horizontal
cells processes and photoreceptors deep in the ONL but
the presence of discrete PSD-95 immunolabeling sug-
gests that this is a possibility. A more comprehensive
immunostaining analysis and electron microscopic study
are under way to explore this possibility.
4.2. Inﬂuence of ONL cell death on horizontal cell synapse
formation
In most of the rodent models of retinal degeneration,
the synaptic connections at the OPL are formed nor-mally during development from P4 to P14 (Blanks,
Adinolﬁ, & Lolley, 1974) and minor retractions and
extensions occur as the photoreceptors degenerate
(Bok & Hall, 1971; Nomura et al., 1994; Strettoi &
Pignatelli, 2000). We do not know of any example in
which horizontal cell processes extend deep into the
ONL as a result of photoreceptor degeneration. How-
ever, it remains a formal possibility that the cell death
in the ONL contributes to the changes seen in horizontal
cell processes of the Chx10-Cre;RbLox/ retinae (Fig.
5B). We do not favor this hypothesis because the aber-
rant processes are seen as early as P12 which is before
much of the cell death occurs.
4.3. Role of reactive Mu¨ller glia in horizontal cell process
maturation
We found that Mu¨ller glia undergo reactive gliosis in
the degenerating retinae from Chx10-Cre;RbLox/ mice
which is indicated by the upregulation of GFAP (Dyer
& Cepko, 2000; Dyer & Cepko, 2001b). Mu¨ller glial cell
reactive gliosis accompanies virtually every major retin-
opathy. Therefore, it is not surprising that in the absence
of Rb, the developmental defects and degeneration leads
to reactive gliosis. It is also possible that the loss of the
Rb protein in Mu¨ller glia per se results in ectopic glial
cell activation (Zhang et al., 2004). In either case, glial
cell activation may lead to the changes in horizontal cell
processes that we observed in Chx10-Cre;RbLox/ reti-
nae (Fig. 5C). However, it is unlikely that glial cell acti-
vation alone could result in ectopic horizontal cell
processes deep into the ONL because other animal mod-
els with widespread glial cell activation do not exhibit
such defects (Cunningham et al., 2002; Dyer & Cepko,
2000).
4.4. Presence of immature enlarged cells in the ONL and
their possible eﬀects on horizontal cell development
One of the most obvious hallmarks of the cells lack-
ing Rb in the Chx10-Cre;RbLox/ retinae are the large
nuclei found in the ONL. Nuclear volume calculations
indicated that these nuclei are larger than normal pho-
toreceptor nuclei and slightly smaller than amacrine cell
nuclei. There is no other animal model in which cells
that would normally become rods fail to diﬀerentiate
as photoreceptors. The other rod development mutants
(Nrl/ and Nr2e3/) gain cones at the expense of rods
(Haider et al., 2000; Haider et al., 2001; Mears et al.,
2001). It is possible that the presence of these cells with
large, non-condensed nuclei, interfere with normal hor-
izontal cell synapse formation and that this leads to the
extension of processes apically into the ONL (Fig. 5D).
While we do not favor this general physical disruption
model because ribbon synapse formation is a precisely
regulated process it remains a formal possibility.
Fig. 5. Models for the disruption of horizontal cell processes in the Chx10-Cre;RbLox/ retinae. (A) In the region where Rb is inactivated by Cre (grey
box) rods fail to mature and immature uncommitted cells take their place during the early postnatal period P4–P14 when horizontal cells, bipolar
cells and photoreceptors form synaptic connections. We propose that in the absence of cues from rod photoreceptors horizontal cells lack critical cues
and extend processes deep into the ONL (red processes). (B) Several days-weeks later, these immature cells die by apoptosis. An alternative
hypothesis to explain defects in horizontal cell synapse formation is that it is a secondary consequence of cell death in the ONL. We do not favor this
model because other degeneration models do not exhibit horizontal cell processes extending into the ONL. (C) Mu¨ller glia undergo reactive gliosis in
the regions where Rb was inactivated. It is possible that the changes in these radial glia that accompany gliosis could lead to changes in horizontal cell
synapse formation during development. However, in p27Kip1 retinae which also have extensive reactive gliosis during development, horizontal cell
processes synapse relatively normally. (D) Rod photoreceptors condense their chromatin as part of their diﬀerentiation program during development.
In regions lacking Rb, chromatin condensation does not occur. It is possible that a physical disruption in the laminar organization of the OPL causes
the defects in horizontal cell diﬀerentiation. (E) The pattern of Rb gene inactivation includes all the cell types from the apical to basal surface of the
retina. Horizontal cells are lacking Rb in regions where synapse formation is defective. Thus it is possible that Rb is required cell autonomously for
horizontal cell diﬀerentiation and this accounts for the phenotype of the Chx10-Cre;RbLox/ retinae. However, if this were true, we would predict that
all of the processes extending from a single Rb-deﬁcient horizontal cell would be defective and these would branch out into regions where Rb was not
inactivated.
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diﬀerentiation
One of the more intriguing models is that Rb is re-
quired cell autonomously in horizontal cells for normal
diﬀerentiation and synaptogenesis (Fig. 5E). It is inter-
esting that rod bipolar cell processes do not extend deep
into the ONL in Chx10-Cre;RbLox/ retinae as they do
in Bassoon deﬁcient retinae (Dick et al., 2003). Even
though Rb is expressed in both horizontal cells and
bipolar cells (Zhang et al., 2004) there may be a speciﬁc
requirement for Rb in horizontal cell maturation. If this
is true, then we would predict that the aberrant horizon-
tal cell processes may extend beyond the boundary of
the mosaic of Rb gene inactivation. That is, if a horizon-
tal cell is missing Rb, and this in turn is required for nor-
mal process formation, then the processes would extend
into normal regions and Rb deﬁcient regions. In our
analysis, the horizontal cell processes that extend into
the ONL are only found in regions lacking Rb and
not in adjacent regions with normal levels of Rb expres-
sion. Thus, we believe that Rb is not required cell auton-
omously for horizontal cell diﬀerentiation.
Taken together, our data suggest that in the absence
of Rb, the earliest steps of rod photoreceptor develop-
ment do not occur and instead the retinal progenitor
cells remain relatively quiescent in the ONL and devel-
oping INL for several days-weeks. After this time, these
cells begin to degenerate leading to a thinning of the ret-
ina by 4–6 weeks of age. In the absence of mature rods,
horizontal cell processes extend apically into the ONL.
This is similar to the phenotype seen in mice lacking
the photoreceptor synapse protein Bassoon (Dick
et al., 2003). Normally, OPL synapses are a tripartite
structure made up of rod, horizontal cell and bipolar cell
processes. We did not observe any extension of bipolar
dendrites into the ONL which is diﬀerent from the phe-
notype seen in Bassoon knockout retinae. We propose
that these defects in OPL synaptogenesis are speciﬁc
and not a result of various secondary defects in the
Chx10-Cre;RbLox/ retinae such as glial cell activation
or mild laminar disorganization. Thus, the Chx10-
Cre;RbLox/ mice may represent a useful new system
to study horizontal cell synapse formation in the mouse
retina during development.Acknowledgments
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